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Abstract

The parallel hold (PHOLD) model is proposed for performing per-
formance analyses of paralleldiscrete event simulation programs. The
PHOLD model is based on the hold model that is widely used to eval-
uate the performance of seciuentlal event list algorithms.

Using the PHOLD model, an empirical performance evaluation of
the Time Warp mechanism was performed. Performance measure-
ments of Time Warp executing on a shared-memory multiprocessor
were completed using both saturated (more parallelism than proces-
sors) and unsaturated (less parallelism than processors) workloads.
Workload parameters that were tested included computation grain
size and variance, spatial locality, temporal locah’?{, and lookahead.

Based on these experiments, it appears that Time Warp perfor-
mance is_very robust across a wide range workloads. Speedups as
high as 32 using 64 processors were obtained under fairly adverse
conditions (a fully connected network containing no lookahead and
minimum timestamp increment of zero). Workloads containing more
favorable parameters obtained speedups as high as 54 on 64 proces-
sors.

1 Introduction

The heavy computational demands of large discrete event simu-
lation programs, coupled with the increasing availability of parallel
computers, has heightened interest in parallel discrete event simula-
tion (PDES). Specifically, this paper is concerned with simulations
of asynchronous systems where the synchronous, lock step mode of
operation degenerates to largely sequential execution because too few
simulator events occur at a single point in simulated time. The ex-
ploitation of parallelism in these applications has been elusive because
the global notion of time does not easily map to a distributed com-
puter; sophisticated clock synchronization algorithms are required to
ensure that cause-and-effect relationships are faithfully reproduced
by the simulator. . i X

Jefferson’s Time Warp mechanism based on the Virtual Time
paradigm offers great potential as a “general purpose” PDES strat-
egy [4). Recently, numerous successes have been reported using Time
Warp to speed up simulations, e.g., see [2, 7). These results are en-
couraging, but provide only limited insight into the behavior of Time
Warp as a function of characteristics of the simulation application.

’Igne work described here characterizes the performance of Time
Warp for various synthetic workloads covering a wide range ofa?pli-
cation specific parameters. By synthetic we mean the workloads do
not attempt to simulate any real-world system, but rather, attempt
to emulate essential characteristics of a wide range of “typical” sim-
ulations that arise in practice. This allows one to assess performance
based on certain characteristics of the application without becoming
entangled in the details and peculiarities of a specific application.
The workloads are designed to be relatively simple in order to facil-
itate understanding the behavior of the simulation algorithm. Here,
we use synthetic workloads to test the rodustness of Time Warp per-
formance as various workload parameters are changed.

2 The Parallel Hold Workload Model

Because parallel simulation algorithms perform the same logical
function as the event list in a sequential simulator (ensuring proper
sequencing of events), it is natural to examine the workload models
that are used there. In sequential simulation, the hold modelhas be-
come the most widely used approach for evaiuat.mg the performance
of event list (priority queue) implementations (e.g., see [5]). In this
model, the event list consists of a fixed number of unprocessed events,
each containing a timestamp to indicate its priority. The iterative
step used by the model is to first dequeue the smallest timestamped
event, and then enqueue a single new event using a timestamp equal
to that of the removed event plus some increment selected from a
probabilistic distribution. The parameters of this model are the size
of the event list, the distribution of the timestamp increment func-
tion, the initial distribution of the timestamps of events in the queue,
and the initial shape of the data structure holding the events.

Though adequate for evaluating sequential simulations, the hold
model does not consider certain characteristics that greatly affect the
performance of parallelsimulation Frograms. In particular, the model
says nothing concerning the spatial characteristics of the application,
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Figure 1: Space-time diagram. (a) one dimensional. (b) two dimen-
sional.

which greatly impacts the amount of parallelism that is available.
Therefore, the hold model must be extended to accommodate analy-
ses of PDES algorithms.

We propose the parallel hold model(PHOLD) for this purpose. We
previously reported use of an earlier version of this workload model to
evaluate the performance of conservative simulation algorithms based
on deadlock avoidance and deadlock detection and recovery [1].

. The sections that follow first define the workload model with the
aid of space-time diagrams. A specific instance of the model is de-
veloped for evaluating the Time Warp mechanism. Finally, results of
the performance study for Time Warp are presented.

2.1 Space-Time Diagrams

We use space-time diagrams (time refers to simulated time) to
illustrate the behavior of the simulation. From this perspective, the
sequential hold model is one dimensional, with simulated time as
the dimension. The diagram in figure 1a depicts the operation of this
model. Each arc represents the scheduling of an event. The time
coordinate of the head and tail denote, respectively, the simulated
time at which the event is to occur and the simulated time at which
it was scheduled. We refer to a sequence of arcs Ej, E3,... where
processing event E; causes E;4) to be scheduled, as'a tircad. The
head of E; will always coincide with the tail of E,41 in the space-
time diagram. When the sequential hold model is used, the di
in figure 1a can be viewed as M threads mapped onto the linear time
scale, where M is the number of elements in the event list. In actual
simulations, one event can schedule any number of other events; this
leads to trees rather than the linear threads described above.

The PHOLD model extends the space-time g'rpph to higher di-
mensions. A two dimensional model is depicted in figure Ib, The
spatial axis is discrete, and represents the state of the entire simula-
tion. Most existing _Pl')ES algorithms are based on process oriented
paradigms, so we will assume each asnua.l coordinate represents a
distinct logical process. In particular, let us assume that there are N
logical processes LPg...LPpn_1 and process LP, is mapped to spatial
coordinate i. .

Like the hold model, PHOLD assumes there is a fixed number of
threads, with the exact number specified as a parameter. An arc ex-
tending from space-time coordinate (s,T,) to (r,T;) denotes the fact
that an event at LP, and simulated time 7T, sent an event message

to LP, with timestamp T, where T, > T,.} In Time Warp, T, and
T, denote the send and receive time of the message, respectively.
The benchmarks used to evaluate Time Warp are based on a minor
extension of the two dimensional model: two dimensions are used to
represent the spatial characteristics of the simulation rather than one.
Each logical processes occupies a unique, integral Cartesian coordi-
nate position in the two-dimensional plane. The point (Sz, S}, T') de-

1l-‘cu some simulation mechanisms, it may be necessary to use a strict ip-
equality,ie., Ty > T,.
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